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To aid in the discovery and evaluation of blind resources, it is important to utilize 
geologic, geophysical, and geochemical techniques to find the required elements (e.g., 
heat source, fluid to transport the heat, and permeability in a reservoir) for geothermal 
energy production. Based on a regional low resistivity anomaly discovered through a 
reconnaissance magnetotelluric (MT) survey, detailed geologic mapping, structural 
analysis, and a 2 m temperature survey were conducted to delineate the most likely areas 
for blind geothermal activity in the Seven Troughs Range, Nevada.   
The Seven Troughs Range resides in the northwestern Basin and Range province 
190 km northeast of Reno and 50 km northwest of Lovelock in western Nevada. There is 
no known geothermal system in the area. Mesozoic metasedimentary strata and intrusions 
dominate the northern and southern parts of the range but are nonconformably overlain 
by a thick sequence (~ 1.5 km) of Oligocene to Miocene volcanic and volcaniclastic 
rocks and Quaternary sediments in the central part of the range. The southern part of the 
range consists of a basement horst block bounded by two major range-front faults, with 
Holocene fault scarps marking the more prominent fault on the east side of the range.  In 
contrast, several gently to moderately west-tilted fault blocks, with good exposures of the 
Tertiary volcanic strata and bounded by a series of steeply east-dipping normal faults, 
characterize the central part of the range.  Kinematic analysis of faults in the range and 




slip and dilation tendency analyses suggest that north-northeast striking faults are the 
most favorably oriented for reactivation and fluid flow under the current stress field.  
Two areas in the Seven Troughs Range have a favorable structural setting for 
generating permeability and channeling geothermal fluids to the near surface: 1) A major 
right step in the range-front fault and concomitant fault intersection on the east side of the 
Seven Troughs Range. Slightly elevated 2 m temperatures (~15° C vs. background 
temperatures of 11-12 ° C) have been found in this vicinity. 2) A left step in the range-
front fault and attendant fault termination on the west side of the range in the vicinity of 
Porter Spring. This area has the highest recorded 2 m temperatures (~19° C). Although 
the 2 m temperature survey does not reflect the presence of hot geothermal fluids near the 
surface at these locations, the 2D low resistivity MT anomaly and favorable structural 
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Geothermal energy is a multifaceted power source with diverse applications. 
Increases in human population and subsequent energy use have led to concerns regarding 
environmental impact and a desire to find more renewable sources of energy with a 
minimal carbon footprint. Geothermal systems are a promising source of renewable 
energy, because they provide a base load power source in many geologic settings 
worldwide. A majority of the operating geothermal power plants and prospects have 
utilized the presence of surface manifestations (i.e., geysers, boiling mud pots, hot 
springs, sinter terraces etc.) to locate areas of high geothermal potential (e.g., Brady’s 
geothermal system; Faulds et al., 2010a). However, many geothermal systems have little 
or no surface manifestations and are considered ‘hidden’ or ‘blind’ resources. The arid 
climate and high relief of the Basin and Range province may be responsible for the lack 
of surface manifestations for many geothermal systems (Blackwell et al., 2003). 
Researchers estimate that  approximately 20% of the accessible geothermal resources in 
the Great Basin have been discovered, suggesting that opportunities abound for 
discovering blind or hidden geothermal systems (Brook et al., 1979; Blackwell et al., 
2003).  Moreover, it is estimated that ~2/3 of the geothermal resources in Nevada are 
hidden or blind (Coolbaugh et al., 2006).  To aid in the discovery and evaluation of such 
resources, it is important to utilize geologic, geophysical, and geochemical techniques to 
find the required elements (e.g., heat source, fluid to transport the heat, and permeability 




If prospecting for a truly blind geothermal system, it becomes important to 
distinguish between a blind, hidden, and conventional geothermal resource. All 
geothermal systems have three main elements: 1) heat source (magmatic or high 
geothermal gradient in amagmatic settings), 2) reservoir (to hold and sustain the hot 
water), and 3) fluid, which is the medium that transfers the heat. Conventional 
geothermal systems exhibit surface manifestations, such as geysers or hot springs. Hidden 
geothermal systems lack features on the surface but contain more subtle features (or paleo 
manifestations), such as siliceous sinter, travertine, tufa deposits, and/or hydrothermally 
altered rocks. Vegetation can also serve as an indicator, as it can be concentrated in 
lineaments along faults that leak fluids or be absent near faults leaking highly mineralized 
water or toxic gasses. Blind geothermal systems are confined to the subsurface and lack 
any obvious features and/or paleo-manifestations associated with conventional or hidden 
systems.  
The heat source for geothermal energy production is commonly associated with 
recent magmatism in a variety of tectonic settings, including magmatic arcs, continental 
rifts, oceanic spreading centers, and intraplate hot spots (Curewitz and Karson, 1997).  
However, in some areas lacking recent magmatism geothermal systems are still found 
and are termed amagmatic (Figure 1). Non-magmatic heat sources include elevated 
geothermal gradients caused by tectonic activity (McKenzie, 1978; Henley and Brown, 
1985; Curewitz and Karson, 1997) and frictional heating caused by slip on a fault 




However, magmatic and amagmatic geothermal systems are not necessarily 
mutually exclusive.  For example, even if a geothermal system is not proximal to a 
Quaternary volcanic vent and does not have a geochemical signature (e.g., He ratio 
typical of mantle derived fluids) characteristic of a magmatic heat source, high heat flow 
in the area may be related to deep crustal and/or upper mantle magmatic bodies 
(Wannamaker et al., 2011).  Nonetheless, for the purpose of this project the term 
magmatic is defined as a geothermal system that has an active magmatic source, such as a 
Quaternary silicic volcanic center and/or an inferred pluton in the upper crust (e.g., at 
depths of ~5 to 10 km), such as Long Valley, California (Koenig and McNitt, 1983). In 
the Basin and Range physiographic province (Figure 1) geothermal systems proximal to 
Quaternary vents are limited to the western and eastern margins of the Great Basin (e.g., 
Newberry Crater, Roosevelt Hot Springs, Coso), whereas geothermal systems within the 
interior are spatially associated with extensional and transtensional tectonics, elevated 
geothermal gradients, and relatively high strain rates (e.g., Dixie Valley, San Emidio, Rye 
Patch) (Best et al., 1989; Coolbaugh et al., 2005, Faulds et al., 2004, 2012).  
Within the interior of the Great Basin volcanism generally ceased between 
roughly 3 and 10 Ma (Best et al., 1989; Faulds et al., 2004, 2006). On the basis of heat 
flow calculations (Hose and Taylor, 1974) using present day thermal gradients, the 
youngest intrusions in this region have likely cooled and are no longer a major heat 
source. Therefore, the high heat flow observed within the Basin and Range is probably 
linked to tectonic activity, including crustal thinning, relatively high strain rates, and an 
elevated geothermal gradient (50 °C/km in ~ 30% of the region) (Duffield et al., 1994; 




(e.g., Wernicke et al., 1992; Heimgartner and Louie, 2007; Henry et al., 2011) has 
significantly thinned the crust in the Basin and Range province, bringing warm mantle 
closer to the surface and thus inducing high heat flow. Recent and ongoing tectonism has 
also generated a highly fractured and faulted crust, enhancing the circulation of meteoric 
fluids between shallow and deeper levels and therefore facilitating geothermal activity. 
 
Figure 1: The Great Basin region, as defined for this study, outlined in red. The four 
geothermal/structural domains are highlighted in green (from Faulds et al., 2004). From north to 
south these are: The Surprise Valley belt (SV), the Black Rock Desert belt (BRD), the Humboldt 
structural zone belt (HSZ), and the Walker Lane geothermal belt (WLG). The Walker Lane and 
eastern California shear zone is the hachured polygon on the map. The black star denotes the 
Seven Troughs Range field area. The inset map is a close up of the Seven Troughs field area and 





Within both magmatic and amagmatic environments faults and fractures within 
the brittle crust play an important role in generating and maintaining permeability and 
transporting fluids to the surface. In amagmatic systems, and more specifically the 
extensional setting of the Basin and Range, moderate to steeply dipping faults and 
fractures promote the transmission of meteoric fluids to depth (Blackwell, 1983).  The 
depth of circulation required to attain high temperatures depends on the permeability of 
the rocks and the geothermal gradient.  Areas with known recent faulting (i.e., 
Quaternary) are ideal for prospecting for geothermal systems, because the most 
substantial fluid migration in a fault system is likely during and after rupture events 
(Micklethwaite and Cox, 2004). It comes as no surprise that a majority of the known 
geothermal systems in the Great Basin region of the Basin and Range province (Figure 1) 
are spatially associated with faults (Faulds et al., 2006), and many are temporally 
associated with Quaternary faults (Bell and Ramelli, 2007). In the Great Basin many 
geothermal systems are found proximal to normal and oblique-slip faults, suggesting that 
such faults control or channel hydrothermal fluids. Faults oriented orthogonal to the least 
principal stress direction are most likely to host high temperature geothermal systems 
(Faulds et al., 2004, 2006, 2011). Within the northwestern Great Basin, the regional 
extension direction trends west-northwest.  Accordingly, normal faults striking north-
northeast host most of the geothermal systems (Coolbaugh et al., 2005; Faulds et al., 
2005).   However, many north-northeast-striking faults in this region show no signs of 
geothermal activity.  Therefore, it is necessary to characterize common structural settings 





Several fault patterns have been recognized as particularly favorable structural 
settings for geothermal activity (Curewitz and Karson, 1997; Faulds et al., 2006, 2011), 
including: 1) overlapping normal faults (step-overs) with hard linkage, 2) terminations of 
major normal faults (horse-tailing), 3) intersections of normal, strike-slip, and/or oblique-
slip faults, 4) accommodation zones where belts of oppositely dipping normal faults 
intermesh, and 5) transtensional pull apart zones (Figure 2). These structural controls can 
be identified via topographical manifestations such as: 1) major steps in range fronts, 2) 
interbasinal highs, 3) mountain ranges consisting of relatively low, discontinuous ridges, 
and 4) lateral terminations of mountain ranges (Faulds et al., 2006, 2011).  
 Figure 2: Examples of favorable structural 
settings for geothermal systems. Areas of 
upwelling geothermal fluids are shaded in 
red. A. Step-over or relay ramp between two 
overlapping normal fault segments with 
multiple minor faults providing hard linkage 
between two major faults. B. Terminations 
of major normal faults, whereby faults break 
up into multiple splays or horsetail. C. 
Overlapping, oppositely dipping normal 
fault systems (accommodation zones) that 
generate multiple fault intersections. Strike 
and dip symbols indicate tilt directions of 
fault blocks. D. Dilational fault intersection 
between oblique-slip and normal faults 
(Faulds et al., 2011). 
 
In addition to hot spring outflow, sinter terraces, and other geothermal indicators, 




associated with epithermal ore deposits, where hot aqueous fluids act as the transport 
mechanism for precious metals (Henley, 1985; Simmons and Browne, 2000; Coolbaugh 
et al., 2005). Geothermal surface manifestations commonly only represent ~5% of the 
hydrothermal system at depth (Henley, 1985), and understanding the relationships 
between active and paleo-geothermal systems and epithermal ore deposition is necessary 
for exploration of both geothermal and mineral resources.  
Objectives: 
 This study is part of an exploration effort utilizing multiple geologic, geophysical, 
and geochemical techniques to discover blind geothermal systems in the Great Basin. The 
primary objectives of this study were to: 1) determine the Tertiary stratigraphy and 
structural framework of the central Seven Troughs Range, 2) provide a more complete 
understanding of the fault geometry and kinematics of the Seven Troughs Range, 3) 
locate areas with favorable fault geometry to further analyze for geothermal potential, 
and 4) constrain the relationship of the magnetotelluric anomaly in this region with the 
known faults and structural setting. 
 Methods employed in this study included: 1) detailed geologic mapping at 
1:24,000 scale to define stratigraphy and faults, 2) petrographic analysis to identify and 
correlate stratigraphic units, 3) use of  available 40Ar/39Ar geochronology to correlate 
strata, quantify separation across faults, and constrain the timing of deformation, 4) 
structural analysis of fault zones to define the kinematics of faulting, 5) a 2 m shallow 
temperature survey to assess whether any anomalous, shallow thermal zones are spatially 




in the field using Vr software, a digital photogrammetry program, and ArcGIS, and 6) 
GIS compilation of all available datasets to produce a geologic map and comprehensive 
geodatabase for the central part of the Seven Troughs Range.  
2. Geophysical Studies/ Motivation for this Study: 
To aid in the discovery and evaluation of blind resources, it is important to utilize 
geologic, geophysical, and geochemical techniques to find the required elements (e.g., 
heat, fluid to transport the heat, and permeability in a reservoir) for geothermal energy 
production. This project is part of a study funded by the Department of Energy that aims 
to integrate 1) magnetotelluric (MT) data, 2) soil gas flux and geochemistry, and 3) 
structural analysis to recognize heretofore, undiscovered blind geothermal resources. The 
purpose of this portion of the project is to determine the structural setting and estimate 
the geothermal potential of the central Seven Troughs Range in Pershing County, 
northwestern Nevada. The field area is located approximately 50 km northwest of 
Lovelock, Nevada (Figure 1). The motivation for choosing this specific field area comes 
from a recent hypothesis that MT methods can image potential locations for geothermal 
systems based on broad low-resistivity anomalies that reflect high temperature fluid 
conduits connected to deep magmatic heat sources (Kennedy and van Soest, 2006; 








Figure 3: 2-D MT resistivity inversion model across the Great Basin showing localized 
shallowing of lower crustal conductors in warmer colors, which may represent areas of high 
temperature and high fluid flow. The Seven Troughs Range is denoted by 7T and has the 
shallowest part of the large conductive anomaly in the Kumiva Valley area (KV). The lower 
crustal conductor under Dixie Valley and its crustal-scale connection to the geothermal system is 
marked by DV. MGH is the McGinness Hills geothermal field with a large conductive anomaly 
situated under this known system (Wannamaker et al., 2011a).  CA/NV=California-Nevada state 
line.  
 
The magnetotellurics (MT) method is a geophysical technique used to investigate 
the subsurface electrical resistivity. MT measures changes in the electrical currents within 
the Earth. These currents are generated from variations in the magnetic field surrounding 
the Earth and can be measured from depths ranging from tens of meters to hundreds of 
kilometers (Vozoff, 1991; Simpson and Bahr, 2005; Maris, 2011). This method works by 
inducing an electrical current into the Earth and measuring the scattered signals of 
vertically-incident, planar electromagnetic waves to produce images of the subsurface 
electrical resistivity (or conductivity) (Vozoff, 1991; Chave et al., 2011; Wannamaker et 
al., 2013). The electrical resistivity in the subsurface is directly related to properties of 
interest for geothermal exploration, such as clay alteration, salinity, porosity, steam 
content in the water, pressure, temperature, and saturation (Ussher et al., 2000; Hersir and 
Arnason, 2010).    
The 2-D MT method is used to image the subsurface in two dimensions and to 




completed across the Great Basin with the aim of identifying thermal structures in the 
crust (Wannamaker et al., 2006, 2007, 2011a). The recent findings of this ongoing MT 
project were the impetus for this project. 
 For the 2-D transect conducted across the Great Basin, the average station 
spacing was just over 3 km with a frequency range of 200 to 0.003 Hz (Wannamaker et 
al., 2011a). High frequencies (e.g. 200 Hz) penetrate into the shallow crust (~100 m), 
whereas the low frequency sounding (< 0.01 Hz) penetrate > 20 km (Wannamaker et al., 
2013). The nature of the MT anomalies (areas of low electrical resistivity) observed in 
complicated geothermal systems may be due to increased fluid flow in fractures/fault 
zones, as well as to the presence of conductive alteration minerals (Maris et al., 2007). In 
the shallow subsurface (~1 km depth) low resistivity MT anomalies are commonly 
associated with a conductive clay cap over the geothermal system generated by high 
temperature fluids pervasively altering the reservoir rocks (Ussher et al., 2000; Hersir and 
Arnason, 2010). In the deep crust (~20 km) a possible correlation exists between low 
resistivity and magmatic underplating in areas with high rates of recent extension (e.g., 
Dixie Valley region; Figure 3). In the completed 2-D transect across the Great Basin a 
pattern emerged where deep crustal, low resistivity anomalies link to tapering zones of 
lower resistivity at shallow levels, suggesting that deep crustal fluids upwell to 
remarkably shallow depths (Wannamaker et al., 2011a; Figures 3 and 4). The presumed 
lower crustal magmatic underplating may be spatially related to large crustal breaks that 
may bring high temperature fluids to the near surface.  
MT data interpretation has been useful in showing subsurface electrical resistivity 




California is a good example in which a detailed 3-D MT model correlates with 
geothermal wells producing from high temperature zones. The Coso geothermal system 
displays a strong link between areas with low-resistivity and high temperature upwelling 
zones (Figure 5; Wannamaker et al., 2004;  Maris, 2007; Maris et al., 2011). The strong 
agreement of geophysical and well data in the Coso geothermal field study demonstrates 
the validity of using MT anomalies as a proxy for locating blind geothermal systems.  
 
Figure 4: The central Seven Troughs Range field area (black box with 2-D MT cross section 
overlain on top of the map to show the shallowest upwelling in relation to the Seven Troughs 
Range. Warmer colors indicate areas of low resistivity.  The MT survey stations are denoted with 





                                                                             
Figure 5: 3-D MT model from the Coso 
Geothermal field illustrating the correlation 
between temperature at depth (as contoured in 
shades of brown and red) and corresponding 
areas of low resistivity (warmer colors). Higher 
temperatures surround the low resistivity 
anomalies (Wannamaker et al., 2011b). 
 
Where reconnaissance MT surveys have been conducted across the Basin and 
Range province, anomalous zones of high conductivity strongly correlate with known 
high temperature geothermal systems, such as Dixie Valley, Coso, and McGinness Hills 
(Wannamaker et al., 2011a) (Figure 3). Commonly, these systems exhibit significant 3He/ 
4He ratio anomalies (reported as R/RA ratios: where R= the 3He/ 4He ratio from the 
sample, and RA= 3He/ 4He ratio for the air), a further indication of magmatic input 
(Kennedy and van Soest, 2007). Along the 2-D MT transect conducted by Wannamaker 
et al. (2011), only a few areas of pronounced upwelling associated with deep crustal, low 
resistivity anomalies are not connected with known geothermal systems (e.g., Kumiva 
Valley region, Figures 3 and 4). These locations are hypothesized to have high 
geothermal potential. Thus, this project focuses on identifying favorable structural 
settings for geothermal activity in the Kumiva Valley area along or proximal to the 
regional low resistivity anomaly (Figure 4).   
The field area lies in the central Seven Troughs Range, east of the Kumiva Valley 
(Figures 1, 3 and 4 denoted in Figure 3 as 7T), where the Kumiva Valley low-resistivity 
MT anomaly is nearest to the surface (Wannamaker et al., 2011). This area may be 




activity and possible deep crustal breaks correlate with areas of elevated conductivity. 
These low-resistivity upwelling zones likely mark areas in which geothermal fluids 
circulate from depth to the surface. There is no known geothermal system in the Seven 
Troughs Range. However, based on the 2-D MT anomaly in this area (Figure 4) and the 
structural and geologic analysis presented in this thesis, this location has relatively high 
potential to host a blind geothermal system.  
The Kumiva Valley area is a green-field area without current recognized systems. If 
this project can establish the area as a new geothermal district, the potential discovery of 
a blind geothermal system based on cost-effective geologic and geophysical techniques 
will be very positive for geothermal development. The areas within the Seven Troughs 
Range with the highest geothermal potential will be the subject of a more detailed 3-D 
MT survey and soil gas flux and geochemistry test, conducted by the University of Utah 
and Lawrence Berkeley National Laboratory, respectively.  Ultimately, the 3-D MT 
survey, structural setting, and soil gas data will be synthesized to collectively target a 
potential blind geothermal system.  
3. Geologic Setting: 
Tectonic Setting 
 The morphology of the Great Basin was poetically described by geologist 
Clarence Dutton (1886) as “…many short, abrupt ranges or ridges, looking upon the map 
like an army of caterpillars crawling northward.”  These north- to northeast-trending 
ranges and ridges result from west- to west-northwest-directed crustal extension. The 




ranges, these systems are aligned in north-northeast-trending belts (Figure 1). The locus 
of high-temperature systems in the northwestern Great Basin correlates with an area of 
higher strain rates and enhanced extension relative to other parts of the Basin and Range 
(Figure 6; Faulds et al., 2012). This elevated extension is probably due to the northward 
termination of the Walker Lane and the resultant transfer of dextral shear to west-
northwest-trending extension in the northwestern part of the Basin and Range (Faulds et 
al., 2004; Faulds and Henry, 2008). The Walker Lane is a system of right-lateral faults, 
which together with the eastern California shear zone, accommodate ~20% of the dextral 
motion between the Pacific and North American plates (Bennett et al., 2003; Hammond 
and Thatcher, 2007; Kreemer et al., 2009). Evidence from continuous GPS networks, 
earthquake focal mechanisms, seismology, and fault trenching studies have shown that 
the Basin and Range between the Colorado Plateau and Sierra Nevada microplate 
accommodates between <10 mm/yr (over 1000 km) and 11.4 ± 0.3 mm/yr of strain along 
a N47 oW trend in the Walker Lane region (Bennett et al., 2003; Kreemer et al., 2009, 
2012).  
The Seven Troughs Range lies within an area of elevated extension, moderate 
strain rate, and high heat flow (Blackwell et al., 2011, Faulds et al., 2012). It is located in 
the northwestern Great Basin between the Black Rock Desert geothermal belt and the 
Humboldt structural zone (Figures 1 and 6) (Faulds et al., 2006, 2012). The Black Rock 
Desert and the Humboldt structural zone are both characterized by north-northeast- to 
northeast-striking faults and belts of enhanced geothermal activity (Faulds et al., 2004, 




The Seven Troughs Range contains abundant faults, many of which strike north-
northeast, the orientation most favorable for slip, dilation, and deep circulation of fluids 
under the current stress regime in this region (Figure 7; Faulds et al., 2012). To the west 
of the Seven Troughs Range directly across the Granite Springs Valley is the confluence 
of the Blue Wing and Lava Beds Mountains. Sage Valley and the Trinity Range lie to the 
east of the Seven Troughs Range. Many of the surrounding ranges are bound by north-
northeast striking faults (Figures 1, 4, and 7).  North- to north-northeast-striking 
Quaternary faults have been identified on the east and west sides of the north-northeast-
trending Seven Troughs Range, as well as in the surrounding mountain ranges (Figure 7) 
(Adams et al., 1999). As previously mentioned, a primary goal of this project is to define 
the patterns and interactions between the various faults in the region and determine which 










Figure 6: A) Map showing strain rates and geothermal systems in the Great Basin and adjacent regions. Strain rates reflect the second 
invariant strain rate tensor (10-9/yr; from Kreemer et al., 2012; Faulds et al., 2012). Power plant locations shown by purple stars. B) Density of 
known high temperature geothermal systems (≥150 °C) in the Great Basin region. Density values were calculated using a kernel density plot in 
which the number of geothermal systems with temperatures ≥150°C within a radius of ~30 km was calculated for each 3 km cell in a grid. 






Figure 7: Simplified geologic map of the Seven Troughs Range and the surrounding ranges showing some of the major faults in the study 
area. Inset map shows location of geologic map (red box) with respect to Nevada and the western U.S.  Pertinent physiographic features 









 Although Mesozoic structures generally do not directly influence active 
geothermal upwelling, the Mesozoic deformational history and resultant structures can be 
important for understanding the characteristics of the potential geothermal reservoir. 
Knowledge of the preferred fracture orientation, depth to basement, and characteristics 
(crystallinity, porosity, foliations etc.) of the basement rocks can all provide insight in 
locating areas for future exploration. Mesozoic rocks are exposed in the southern and 
northern Seven Troughs Range as well as in the surrounding Sahwave, Bluewing, and 
Trinity ranges (Burke and Siberling, 1973; Van Buer and Miller, 2010; Figure 7). The 
basement metamorphic rocks in the Seven Troughs Range are the Late Triassic Auld 
Lang Syne (ALS) Group (“basinal terrane” on Figure 8), a thick package of argillaceous 
and sandy strata deposited in a deep marine back arc environment (Burke and Siberling, 
1973; van Buer, 2010). Based on relative ages of fossil ammonites in the surrounding 
ranges, the metasedimentary rocks of the Seven Troughs Range are approximately 215 
Ma (Burke and Siberling, 1973; Kinsella, 2010). 
Intrusive rocks in the central Seven Troughs Range are granodiorite in 
composition and likely correlate with the granodiorite in the neighboring Sahwave and 
Trinity Ranges (van Buer and Miller, 2010; Figure 7).  The granodiorites in this area have 
collectively been called the Sahwave intrusive suite. The granodiorite, which crops out on 
the northeast side of the Sahwave Range (closest to Seven Troughs), probably correlates 
with the intrusion in the Seven Troughs Range, which has been referred to as the 




 From the time of deposition of the Auld Lang Syne Group during the late Triassic 
in a back arc setting to the emplacement of the Sahwave intrusive suite in the late 
Cretaceous, multiple deformational events are documented (Wyld and Wright, 2001; 
Wyld, 2002; Decelles, 2004; Van Buer, 2012). These include:  1) Early and/or Middle 
Jurassic (~165-150 Ma) deformation associated with the Luning-Fencemaker fold-and-
thrust belt and significant northwest-southeast shortening (several hundred kilometers) 
that produced generally southeast-vergent folds and thrust faults (Figure 8 (LFTB); 
Oldow, 1984; Wyld, 2002; van Buer, 2012). 2) In the early to mid-Cretaceous (~142-112 
Ma) a dextral shear zone (~400 km of strike slip displacement) known as the Mojave-
Snow Lake- Nevada- Idaho (MSNI) shear zone developed to the west of the basinal 
terrane (Figure 8 (MSNI); Wyld and Wright, 2001, 2005; van Buer, 2012). 3) Mid to late- 
Cretaceous (~110-85 Ma) voluminous plutonism (coincident with the Sierra Nevada 
Batholith; Figure 8) and coeval contact metamorphic aureoles (local tungsten-bearing 
skarn deposits are associated with this event) (Wyld, 2002; Decelles, 2004; van Buer, 
2010).  
The Seven Troughs Range resides in the Triassic basinal terrane, or within the 
“mud pile” rocks of the back arc ALS Group (Figure 8; Wyld, 2002; van Buer, 2012). 
The MSNI lies to the west of the Seven Troughs Range and the LFTB to the east. In the 
central portion of the range a granodiorite pluton, associated with the Late Cretaceous 
plutonism, intrudes the Triassic metasedimentary rocks of the ALS group (Figure 8). This 
results in a contact metamorphic aureole that contains an andalusite bearing tungsten 




metamorphic aureole suggests a maximum intrusive emplacement depth of ~11 km, with 
an average intrusion emplacement depth for the region of 3 to 7 km (Barton and Hanson, 
1989; Colgan et al., 2006a).  
  
Figure 8: Mesozoic structures and terranes of western Nevada. LFTB, Luning Fencemaker thrust 
belt; MSNI, Mojave-Snow Lake-Nevada-Idaho fault (modified from Martin et al., 2010; Kinsella, 






Cenozoic Tectonics:  
Voluminous plutonism and deformation in northwestern Nevada in the 
Cretaceous was followed by a period of non-deposition and erosion in the early Tertiary 
(Stewart, 1998; Colgan et al., 2006; Henry and Faulds, 2010; van Buer, 2009, 2012). 
Thus, an extensive nonconformity developed across much of northwestern Nevada, as the 
Mesozoic rocks were extensively eroded and subsequently overlain by Eocene to 
Miocene volcanic and sedimentary strata (Henry, 2008; Henry and Faulds, 2010; van 
Buer, 2009, 2012). It is estimated that an average of ~5 km (+/- 2 km) of material was 
eroded from northwestern Nevada between ~95 Ma (post arc magmatism) and ~35 Ma 
(beginning of mid-Tertiary volcanism) based on the assumption that the Cretaceous 
plutons were emplaced at ~7 km depth (Colgan et al., 2006a; van Buer, 2012). Following 
the unroofing of the cretaceous granitic basement rocks and a long period of erosion (95-
35 Ma), relative tectonic quiescence accompanied widespread Oligocene felsic volcanism 
and Miocene bimodal volcanism (Figure 9; Colgan et al., 2006a). Volcanism in 
northwestern Nevada generally ceased between roughly 3 and 10 Ma (Best et al., 1989; 
Faulds et al., 2004a, 2006) and is no longer a heat source for the interior of the Great 
Basin.  





Figure 9: A) Map showing Cenozoic magmatic assemblages, the Pyramid Sequence, and the 
northern Nevada rift. The Seven Troughs eruptive center is part of the middle Miocene bimodal 
basalt-rhyolite assemblage that is related to regional extension. Map modified from Ludington et 
al. (1996) and Hudson et al. (2006). B) Cartoon showing magmatic-tectonic setting of the 
bimodal basalt-rhyolite assemblage in the northern Great Basin (adapted from John, 2001). 
Upwelling of asthenospheric mantle into the lithosphere, possibly due to impingement of a mantle 
plume, led to partial melting of the subduction-modified lithospheric mantle (Fitton et al., 1991). 
Continental extension allowed rapid ascent of water-poor mafic magmas through the crust and 
eruption as thin lava flows, construction of shield volcanoes, and emplacement of dike swarms 
with little interaction with the crust. Small amounts of partial melting of the base of the crust 
resulted from basalt underplating and formed reduced, water-poor rhyolitic melts. The rhyolite 
magmas erupted as domes and lava flows. Local accumulation of these felsic melts in moderate 
depth magma chambers led to eruptions of ash-flow tuffs and formation of calderas. C) 





In northwestern Nevada and the Seven Troughs Mountains area, regional 
extension began in the middle Miocene (~14-12 Ma) and has continued episodically into 
the Quaternary (e.g., (Colgan et al., 2006a, b; Whitehill, 2009; Faulds et al., 2010b)). 
Fission-track data from nearby ranges indicate initiation of extension at ~14-12 Ma 
(Colgan et al., 2006a, b; Whitehill, 2009).  Tilt-fanning of Tertiary strata in the nearby 
San Emidio Desert indicate that significant extension occurred between ~14 and 4.8 Ma 
(Rhodes, 2011). Whitehill (2009) concluded that ~5 km of slip occurred on a major 
range-bounding fault on the east side of the Sahwave Range between 14.5 and 8.6 Ma 
(Figure 7; Whitehill, 2009). South of the Seven Troughs Range in the Hot Springs 
Mountains, major extension began ~13 Ma and has continued episodically into the 
Quaternary, as evidenced by tilt fanning in growth-fault-basins, an extensively faulted but 
gently tilted 7.5 Ma tuff, and Quaternary fault scarps (Brady’s fault) (Wesnousky et al., 
2005; Faulds et al., 2010b).  Extension has continued into the Holocene in the region, as 
demonstrated by multiple Holocene scarps on range-bounding faults (e.g., east flank of 
southern Seven Troughs Range; Plate 1) and historic earthquakes (e.g., Dixie Valley 
historic rupture, 1954; Caskey et al., 1996; Colgan et al., 2006a).  As a result of the 
ongoing extension, heat flow in northwestern Nevada is high (>100mW/m2; Blackwell 
and Steele, 1992).  The high heat flow, relatively thin crust (~30 km), and recency of 
faulting are all important factors to consider when prospecting for blind geothermal 






 Geodetic studies and earthquake focal mechanisms help to elucidate the current 
extension direction and deformational patterns across the Basin and Range province 
(Bennett et al., 2003). Modern GPS velocity data suggest that the current extensional rate 
across the Great Basin is 11.4 +/- 3 mm/yr along a N47 oW trend (Bennett et al., 2003). In 
northwestern Nevada, east of the Walker Lane, west-northwest to east-west directed 
extension is of lesser magnitude, at approximately 3 mm/yr, than the average for the 
entire Basin and Range (Hammond and Thatcher, 2005). GPS vector data show that local 
extension near the Seven Troughs Range is oriented 115°, or approximately east-
southeast (Figure 10).  This extension direction (115°) agrees well with local borehole 
breakout data and kinematic analysis from nearby geothermal fields (Hickman and 





Figure 10: Geodetic strain rate map of Nevada (modified from Kreemer et al., 2012).  Arrows 
show relative velocities with respect to stable North America. Warmer colors indicate areas with 
higher rates of deformation. GPS velocities near the Seven Troughs Range (black star) indicate a 






4. Potential for Geothermal Activity: 
The Seven Troughs field area was chosen for study based on a regional MT 
anomaly (as previously discussed in section two) evident in a reconnaissance transect 
across the Great Basin (Wannamaker et al., 2006).  The Seven Troughs field area has no 
surface features, such as sinter or tufa, indicative of past hydrothermal activity nor any 
current hot springs or fumaroles.  Thus, if geothermal activity is present in the Seven 
Troughs area, it would be considered a blind geothermal system.   
The McGinness Hills geothermal system in central Nevada, which hosts a 33.7 
MW (net average annual capacity) geothermal power plant, with construction of a second 
comparable plant underway, provides a possible analogue for blind/hidden geothermal 
systems in the Great Basin region, particularly for the potential blind systems in the 
Seven Troughs Range.  Similar to the Seven Troughs Range, there are no modern hot 
springs or thermal features at the McGinness Hills geothermal site. Reconnaissance MT 
profiling shows that the McGinness Hills area has a strong deep-crustal low-resistivity 
zone extending to the near surface, similar to the Seven Troughs range and Dixie Valley 
(Figure 3; Wannamaker et al., 2011). However, McGinness Hills does contain extensive 
sinter deposits, recent adularia hydrothermal mineralization with K-Ar radiometric dates 
of 2.2 and 3.2 Ma (±0.4 Ma), and silica cemented Quaternary alluvium (Casaceli et al., 
1986; Delwiche, 2012; Nordquist and Delwiche, 2013). Based on the presence of these 
paleo-hot spring surface manifestations, this location is termed a hidden system.  Hot 
water was discovered in wells during mineral exploration during the early 1980’s and 




Nordquist and Delwiche, 2013). Exploration drilling encountered 87°C water between 
298 and 365 m depth beneath the sinter mound. Fluid samples from these wells yielded 
silica geothermometer temperatures of ~174°C (Nordquist and Delwiche, 2013). Because 
McGinness Hills lacks current surface manifestations (e.g. hot spring activity) and yet 
hosts a very robust geothermal system, it has served as a test site to apply analysis of 
structural setting, detailed 3-D MT, and soil-gas surveys. The hope is that the combined 
results from these three methods could be characterized at McGinness Hills and then used 
as a proxy for discovering blind systems elsewhere, particularly in areas where regional 
low resistivity anomalies approach the surface as in the Seven Troughs Range 
(Wannamaker et al., 2013).    
Epithermal Mineral Deposits and Geothermal Systems: 
Several magmatic and amagmatic geothermal systems in the Great Basin are 
currently, or were at one time, precipitating mineral deposits (primarily Au and Ag) 
(Coolbaugh et al., 2005). There is a close spatial relationship between many young (< 7 
Ma) epithermal mineral deposits and active geothermal systems.  Examples include: 1) 
Florida Canyon mine/Humboldt House geothermal system, 2) San Emidio geothermal 
system/Wind Mountain mine, 3) Dixie Valley geothermal system/Dixie Comstock mine, 
4) Jersey Valley geothermal system and mine, 5) Colado geothermal system/Willard 
mine, and 6) Hycroft mine and associated unnamed geothermal system (Coolbaugh et al., 
2005; Faulds et al., 2005b; Rhodes, 2011; Figure 11). All of the geothermal systems 
listed are amagmatic systems with no known magmatic heat source. In the extensional/ 




typically found in the hanging wall, whereas the epithermal deposit resides in the 
footwall. Additionally, all of the epithermal/geothermal systems listed above have a 
structural similarity.  As pointed out by Rhodes (2011), each system occupies a favorable 
structural setting (Figure 2), with north- to north-northeast-striking fault terminations 
and/ or a right-stepover in a  normal fault zone with northerly striking fault linkages 
(Figure 11).  
Considering these regional relationships between epithermal mineral deposits and 
present-day geothermal activity, it is important to note that the Seven Troughs mining 
district lies on the east side of the range and hosts small, but high-grade, low sulfidation 
epithermal gold-silver vein deposits.  Previous studies (Hudson et al., 2005, 2006) 
indicate a middle Miocene age for this mineralization, but the evidence for this 
interpretation is reviewed in this study in the subsequent section due to the regional MT 





Figure 11: A. Tectonic setting map of Nevada showing the Seven Troughs Range (ST) and 
hydrothermal system analogs (B-F), which have all been evaluated for geothermal power 
generation potential; CNSB – central Nevada seismic belt. Hydrothermal alteration (outlined in 
green) and modern geothermal activity (outlined in red) in figures B-G are concentrated at fault 
terminations and bends/intersections. (Figure modified from Rhodes, 2011). B. Florida 
Canyon/Humboldt House resides in a large fault termination as the primary structural control, as 
well as within a small right-step in a normal fault zone. C. Jersey Valley epithermal and 
geothermal systems are along a right-step between two overlapping normal fault zones. D. 
Colado mine and geothermal system are located within a right-step formed by a broad step-over 
fault between two overlapping normal fault zones. E. Hycroft epithermal gold and silver deposit 
and associated geothermal fluids reside in a fault termination. F. Tipton Ranch is located along a 





5. Stratigraphic Framework:  
The Seven Troughs Range is composed of Mesozoic metasedimentary basement 
rocks, Cretaceous plutonic rocks, Tertiary volcanic and sedimentary rocks, and 
Quaternary sediments, alluvium, and spring deposits (Figures 8 and 13; Plate 1; 
Appendix A). Tertiary strata rest nonconformably on the Mesozoic metadsedimentary 
and granodioritic basement rocks, and include Oligocene (?) to Miocene volcanic and 
volcaniclastic rocks. Quaternary deposits onlap all older units and are particularly thick in 
the bounding basins of Sage and Granite Springs Valleys. 
Mesozoic Rocks 
The Mesozoic metasedimentary basement rocks of the Auld Lang Syne Group 
(ALS) are exposed in the northern and southern parts of the study area (Figure 7, Plate 1). 
Locally, this sequence consists of upper Triassic to Jurassic, low-grade metasedimentary 
rocks, primarily interfingering argillite, mudstone, phyllite, quartzite, and minor 
carbonates (Burke and Silberling, 1973; Hudson et al., 2006). The mudstone, argillite, 
and quartzite locally contain abundant quartz veins and quartz breccias. The ALS group 
is a very thick (up to ~7.5 km) package of argillaceous and sandy strata deposited in a 
marine, deltaic environment (Burke and Silberling, 1973). In the middle or late Jurassic 
and early Cretaceous the ALS sequence was deformed in a back-arc fold and thrust belt 
(the Luning-Fencemaker thrust system) (Oldow, 1983, 1984; Wallace, 1987; Figure 8). 
The deformation associated with thrusting likely caused much of the low-grade 




The metasedimentary rocks of the ALS group are intruded by Cretaceous 
granodiorite (Johnson, 1977) associated with emplacement of the Sierra Nevada batholith 
(Wernicke et al., 1987). The granodiorite of Juniper Pass is located nearby in the 
northwestern Sahwave Range (Figure 7) and has been dated at 92.7 +/- 1.4 Ma (van Buer 
and Miller, 2010). Based on proximity and similar composition, it is assumed that the 
granodiorite of Juniper pass is coeval with the granodiorite in the Seven Troughs Range. 
Contact metamorphism associated with the emplacement of the granodiorite has resulted 
in small tungsten deposits found locally in scheelite-bearing tactite along the margins of 
the granodiorite intrusions (Wallace, 1987). Andalusite minerals are found locally in the 
contact metamorphic aureole around the intrusion within the metasedimentary rocks.  
Tertiary Rocks 
The Mesozoic basement rocks are locally nonconformably overlain by Oligocene 
(?) non-welded to welded ash-flow tuffs and tuffaceous sedimentary rocks. Phenocrysts 
in the tuffs include sanidine, plagioclase, clinopyroxene, and biotite with trace amounts 
of quartz. Locally, the welded tuff is silicified. The tuffs crop out extensively in the 
western portion of the study area but are scarce in the eastern part. Only small (~30 m2) 
outcrops of the welded tuff have been observed overlying the Mesozoic basement on the 
eastern side of the range in the Seven Troughs mining district.  Maximum thickness of 
the Oligocene tuffs is ~50 m.   
Overlying the Oligocene (?) tuffs and Mesozoic basement in the eastern Seven 
Troughs Range is a suite of middle Miocene bimodal volcanic rocks. In the Seven 




(1) older basalt flows, (2) middle unit of rhyolite flows, domes, dikes, and interbedded 
epiclastic sedimentary rocks, (3) younger basalt flows, cinders, and necks, and (4) 
capping rhyolite flows and domes. In addition to the four main sequences described 
above, I have observed an upper fifth sequence of alternating flows of upper rhyolite and 
basaltic andesite that locally overlies the basalt flows, cinders, and necks (Figures 9C and 
12). The upper rhyolite locally includes lenses of both vitrophyre and tuffaceous 
sedimentary rocks. The tuffaceous sedimentary rocks within this unit may correlate with 
a tuffaceous sedimentary package found on the western side of the field area (Tlt in Plate 
1). This bimodal suite of rocks and the Oligocene (?) tuffs locally fill paleotopographic 
lows and pinch out against paleotopographic highs in the Mesozoic basement in the 
western and northern portion of the field area. The thickness of the middle Miocene 
bimodal volcanic suite ranges from ~100 m in the western part of the study area to 1.6 
km m in the northeast near a presumed eruptive center in the Seven Troughs mining 
district.     
The Seven Troughs mining district on the east side of the range (Figure 7) hosts  
small, but high-grade, low-sulfidation epithermal gold-silver vein deposits temporally 
and spatially related to a probable eruptive center for the bimodal suite of middle 
Miocene volcanic rocks (Hudson et al., 2006).  The volcanic center contains both basaltic 
andesite and rhyolite lava flows, felsic domes, and interbedded clastic sedimentary rocks 
from sequences 1-5 described above.  The district reportedly produced 158,468 oz Au 
and 995,876 oz Ag from 152,339 tons of ore in the early 20th century (Hudson et al., 




the mining district. The dikes intrude the lower basalt and middle rhyolite sequences 
(sequences 1-2) but are truncated by sequences 3-5 (Hudson et al., 2006). Epithermal 
gold and silver veins lace the mining district and formed during the emplacement of 
sequences 1 and 2. Veins and dikes typically have a north-northeast strike and are locally 
found along faults. Hydrothermal alteration (mainly argillic with some local propylitic) of 
the host rocks was coeval with the vein emplacement and is commonly spatially 
associated with basalt dikes and faulting.  
 
Figure 12:  Schematic Stratigraphic column of the Seven Troughs Range.  Dates (Ma) shown on 





Hudson et al. (2005, 2006) used 40Ar/39Ar dating to constrain the timing of vein 
deposition and hydrothermal alteration. The vein host rocks (primarily sequence 2) range 
in age from 14.43±0.09 to 13.80±0.68 Ma. Adularia from one of the veins yielded an age 
of 13.83±0.02 Ma.  To constrain the timing of epithermal mineralization, a post-ore 
capping rhyolite was dated at 13.79±0.06 Ma (Hudson et al., 2006; Figure 12). These 
relationships suggest that the epithermal system was relatively short-lived and that the 
hydrothermal system responsible for epithermal ore deposition was active ca. 14 Ma.  It 
is unlikely that the same hydrothermal system has remained active for 14 Ma, as magma 
bodies associated with the middle Miocene mineralization have long since cooled and 
crystallized, but the structural setting conducive for hydrothermal activity may have 
persisted since the middle Miocene. 
  The stratigraphy on the western side of the field area varies slightly from that in 
the vicinity of the Seven Troughs mining district on the east side.  Sequences 1 and 2 are 
missing from the section in the west, suggesting that those units are largely confined to 
the eruptive center. As a result, the Mesozoic basement and Oligocene (?) ash-flow tuffs 
on the west side of the field area are locally overlain by the younger basalt flows, cinders, 
and necks (sequence 4), as well as the upper rhyolite and basaltic andesite flows 
(sequence 5). The basalt flows, cinders and necks are characterized by aphanitic to 
porphyritic basaltic andesite, basaltic flow breccias, and intercalated lenses of tuffaceous 
sandstone. The basalt flows, cinders, and necks are locally overlain in the western part of 
the study area by a thick package of lithic tuff, tuffaceous sandstone, and diatomite, 




The uppermost unit in the Tertiary section is a sedimentary breccia that locally 
caps the older units on the west side of the study area and is overlain by younger 
Quaternary deposits. It is a massive, matrix-supported sedimentary breccia. The matrix is 
composed of fine- to coarse-grained sand with unsorted, non-graded clasts of rhyolite, 
scoria, and aphanitic and porphyritic basalt. Clasts typically range from ~1 cm to 1 m 
long but boulders locally reach ~5 m in length. The unit is generally poorly indurated. 
The age of this unit is poorly constrained between underlying middle Miocene units and 
overlying Quaternary deposits.  Because it appears to occupy a small basin in the hanging 
wall of a west-dipping normal fault and is highly dissected by drainages, its age is 
inferred as late Miocene to Pliocene, because it clearly postdates much of the extension 
but appears to predate development of modern drainages.   
Quaternary Deposits 
 Quaternary surficial deposits include landslides, alluvial fans, colluvium, spring 
deposits, and active alluvial channels.  The most widespread Quaternary units are the 
young, intermediate, and older alluvial fan deposits. Two large Quaternary landslides are 
present in the Seven Troughs mining district, with one measuring ~900 m long and 400 m 
in width (Figure 7 and Plate 1). The Quaternary deposits locally cover all older units and 
are thickest on the east side of the Seven Troughs Range, where alluvial fans 
accumulated adjacent to the range-bounding fault. On the west side of the range small 
mounds of basement crop out near the margin of the basin, suggesting that the alluvium is 
much thinner than on the east side.  Thick sections (> 1 km) of Quaternary to late Tertiary 




6. Structural Framework:  
The Seven Troughs study area is characterized by a series of mainly north- to 
northeast-trending, gently to moderately (20 to 50o) west-tilted fault blocks bounded by 
moderately to steeply east-dipping normal faults (Figure 13). A myriad of north-
northeast-striking faults dissect the study area, as shown by cross sections (Figure 13).  A 
major right step on the east side of the range in the northerly-striking, east-dipping, 
range-bounding fault is a favorable structural setting for geothermal activity and is 
therefore a focus of analysis in this study.  
 
Figure 13: A: Geologic map of the central 
Seven Troughs Range study area showing 
locations of cross sections A-A’, B-B’, and C-
C’. Inset map shows location of the Seven 
Trough Range study area in the red box. B: 
Cross Section A-A’. C: Cross Section B-B’. D: 
Cross Section C-C’. All three cross sections 
illustrate primarily west-dipping strata cut 
chiefly by east-dipping normal faults. See Plate 




Mesozoic Structure:  
Mesozoic basement rocks were mapped in detail in the northern and central parts 
of the range, and in less detail in the southern part of the range. The metasedimentary 
strata have a dominant northwest-striking foliation (Figure 14). Abundant float and 
subcrop of quartz crystals and quartz breccia, with no preferred orientation, characterizes 
this unit. A Cretaceous granodiorite intrusion cuts the Jurassic metasedimentary basement 
in the central part of the field area (Figures 7, 12, and 13A and B). Contact 
metamorphism associated with the emplacement of the intrusion is most abundant in the 
western part of the study area but is found around the entire margin of the granodiorite. 
Tertiary basaltic dikes locally cut the granodiorite and strike north-northeast (Figures 7 
and 13). 
 
Figure 14: Lower-hemisphere, equal-area stereographic projection of foliations in metasedimentary rocks 
(left plot) and density plots for poles (black dots) to foliations (right plot), using a density contour intervals 







Cenozoic Structure:  
Understanding the Cenozoic structure and fault interactions is an essential part of 
this study due to their possible control on geothermal activity. The major faults in the 
field area are north-northeast striking, primarily east-dipping normal faults that bound the 
eastern flank of the range, whereas west- dipping normal faults bound the western flank. 
Flow foliations and layering in the Tertiary volcanic rocks have a dominantly westward 
tilt ranging from ~20-50° (Figure 15).  
In the southern portion of the field area, a large horst block composed of 
Mesozoic basement is bound on the east by an east-dipping, range-bounding normal fault, 
marked by Quaternary scarps (Adams and Sawyer, 1999; Figures 7, 13 and 16), and on 
the west by a west-dipping concealed normal fault. To the north, the range-bounding fault 
on the eastern flank of the Seven Troughs Range steps to the right, whereas the concealed 
range-bounding fault on the west side apparently has a smaller left step (Figure 7 and 16). 
In the central part of the study area the northern portion of the western range-bounding 
fault arcs to the east and strikes east-northeast. This segment exhibits a sinistral 
component of slip, which is common for faults of this orientation under the current stress 
conditions (Faulds et al., 2005b). In general, the predominant structural feature in the 
Seven troughs Range is north-northeast-striking, down–to-the-east normal faults. The 
Tertiary strata are repeated along these major faults and dissected by smaller faults of 
similar orientation (Figure 13). The exception to this pattern is in the central part of the 
field area, where the west-dipping range-bounding fault terminates and splays in an east-




This fault splay terminates in the same area as the right step on the east side of the range 
(Figure 16, Plate 1). The east-northeast-striking central fault juxtaposes the 
metasedimentary basement on the south against the Tertiary volcanic rocks on the north.  
 
Figure 15: Lower-hemisphere, equal-area stereographic projection of foliations and layering in basalt 
(left plot on A) and rhyolite flows (left plot on B), as well as density plots for poles to foliations and 
layering (black dots) (right plots on A and B), using a density contour intervals of 2, 4, 6, and 8 % per 1% 
area. N is number of measurements.     
 
The highest density of faults and the most structurally complex portion of the field area 
resides in the central saddle of the range in the vicinity of the aforementioned right step in 
the east-dipping range-front fault on the east side of the range (Figure 16 and Plate 1). 




Miocene low sulfidation epithermal gold and silver deposit. The lower rhyolite unit in 
this area (Figure 7) is pervasively hydrothermally altered. Hydrothermal alteration 
spatially coincides with epithermal veins and basalt dikes and plugs (Figure 7 Figure 12). 
Basalt dikes and plugs in the mining district generally strike north, and dikes within the 
basement strike north-northeast, suggesting that the extension direction was relatively 
constant from the time of the lower rhyolite (Tra) and dike emplacement (~14 Ma) 
through the Quaternary, when north-northeast-striking fault scarps cut the east side of the 
range. 
 
Figure 16: Major faults (red) on the east side of the Seven Troughs Range, illustrating the right 
step in the range-bounding fault, and the complex fault interactions in that area. Js: Triassic-
Jurassic metasedimentary basement; Kg: Cretaceous granodiorite intrusion; Tv: Tertiary volcanic 
rocks undivided. Red lines are simplified traces of normal faults, with bar and ball on 








Fault kinematics and Stress Inversion:  
Kinematic indicators such as slickenlines, Riedel shears, tension gashes, and 
rough facets, exposed on fault surfaces, can be used to estimate the strain and stress field 
in the study area (e.g., Angelier et al., 1985; Petit, 1987; Angelier, 1994; Figure 17). Fault 
data (attitudes of fault planes and kinematic indicators) in the Seven Troughs Range are 
limited. Very few of the exposed fault planes had the kinematic indicators needed to 
define the slip direction and to ultimately estimate the strain and stress field. Based on the 
available fault and kinematic data (Figures 17 and 18), most faults strike north-northeast 
and accommodated either dip-slip or oblique-slip motion, as evidenced by Riedel shears 
and rough facets. Examination of stratigraphic separation and available kinematic 
indicators suggests an east-southeast-trending slip direction on most faults.  However, a 
west-northwest-trending slip direction is observed on a conjugate set of faults (Figure 
18B). This west-northwest/east-southeast-trending slip direction is approximately parallel 
to the regional extension direction, as defined by GPS geodetic data (Figure 10; Kreemer 
et al., 2009) and is a common orientation for slip in the region, as exemplified in the 
nearby San Emidio geothermal field (Rhodes, 2011; Figure 19A).  
The small amounts of available kinematic data were used to estimate the principal 
stress orientations (Figure 18C). The stress inversion method assumes that the small 
dataset of fault slip data represents the entire fault population, and therefore the stress 
inversion reflects the stress field in the area (e.g., Marrett and Allmendinger, 1990). 
Working under the assumptions that these slip data are representative and that the faults 




(Marrett and Allmendinger, 1990). The principal stress axes were computed for each fault 
using the computer program FaultKin 7.0 (Marrett and Allmendinger, 1990; 
Allmendinger et al., 2012; Figure 18C).  The presence of outliers in the stress orientations 
suggests heterogeneous fault sets. However, given the small dataset, accurate plots for the 
secondary stress field could not be determined.  
 
Figure 17: A) Representative fault surface cutting Tertiary volcanic rocks with slickenlines 
indicating oblique-slip motion. B) Representative fault plane cutting Tertiary volcanic rocks; red line 
is trace of fault. C)  Representative fault (red line) that juxtaposes the basement (greenish-gray rocks 
on the right of the fault) against the Tertiary basaltic flows (reddish rocks to left of the fault). D) 






Analysis of the available kinematic data from the Seven Troughs Range indicates 
an extensional stress regime, with a near vertical shortening axis (P-axis/Sigma 1) and an 
east-southeast-trending least principal stress with an azimuth ~115 ° (T-axis/ Sigma 3) 
(Figure 18 C). This east-southeast/west-northwest-trending least principal stress direction 
agrees well with an estimate of the stress field from kinematic data from the nearby San 
Emidio geothermal field (Rhodes, 2011; Figure 19).  
 
 
Figure 18: A) Lower-hemisphere, equal-area stereographic projection of all fault plane measurements 
(great circles). B) Lower-hemisphere, stereographic projections of fault planes (great circles) and slip 
vectors (arrows), as deduced from kinematic indicators (e.g., striae, Riedel shears, and rough facets). 




dots) axes for calculated linked Bingham strain axes derived from slip directions of measured faults 
(via the methods of Marrett and Allmendinger, 1990).  
   
 
Figure 19: A) Lower-hemisphere, stereographic projections of fault planes (great circles) and slip 
vectors (arrows), as deduced from kinematic indicators (e.g., striae, Riedel shears, and rough facets) 
in the San Emidio geothermal field (Rhodes, 2011). B) Lower-hemisphere, stereographic projections 
of P-compressional (blue dots) and T-shear (red dots) axes for calculated linked Bingham strain axes 
derived from slip directions of measured faults. Average principal stress orientations: 1-P axis; 2-
Intermediate axis; 3-T axis. The fault population indicates a west-northwest-trending least principal 
stress (T-axis) (Rhodes, 2011).  
 
Slip and Dilation Tendency Analysis: 
Faults oriented orthogonal to the least principal stress are more likely to slip and 
therefore generate permeability and channel geothermal fluids from depth to the near 
surface (Morris et al., 1996; Curewitz and Karson, 1997; Ferrill and Morris, 2003). 
Extensive research in a variety of tectonic settings shows that fractures in low porosity 
crystalline rocks (basement), which are optimally oriented for failure with respect to the 
current stress field and are critically stressed for frictional failure, are commonly the 
primary fluid-flow conduits (Barton, 1995; Zoback 2000; Davatzes and Hickman, 2009). 
By examining which fault segments in the Seven Troughs Range are the most likely to 
slip and/or dilate under the current stress field, we can better estimate which segments are 




1999; Moeck et al., 2009). Both slip and dilation on a fault plane have the capability to 
generate new fluid conduits and are capable of reopening existing fractures (Caine et al., 
1996; Morris et al., 1996; Curewitz and Karson, 1997; Ferrill and Morris, 2003; Moeck et 
al., 2009; Faulkner et al., 2010; Anderson, 2013). 
 The likelihood of slip (slip tendency; Ts = τ / σn) on a given fault surface is 
contingent upon the rock type, the ratio of shear to normal stresses, the orientation of the 
fault plane, and the in situ stress field (Figure 20; Morris et al., 1996). Slip will occur on a 
fault plane when the resolved shear stress (τ) is greater than or equal to the frictional 
resistance to sliding (F), which is proportional to the normal stress (σn) acting on the fault 
surface (Jaeger and cook, 1979; Morris et al., 2011; Figure 20).  Dilation tendency (Td = 
(σ1-σn) / (σ1-σ3)) is defined by the stress acting normal to a given surface (fault) and is 
controlled by the resolved normal stress, which relies on fluid pressure and the lithostatic 
and tectonic stresses (Ferrill et al, 1999; Moeck et al., 2009). Both slip and dilation 
tendency are unitless ratios that give a relative number between zero and one. That value 
(0-1) is calculated in the 3DStress software (Southwest Research Institute) and measures 
the ratio of the resolved stresses applied to the fault plane given the measured ambient 
stress field. One is highest slip or dilation tendency for a given fault segment, and zero 
indicates no likelihood of slip or dilation. Calculating which faults in the study area have 
the highest slip and dilation tendency is valuable for deciding where to conduct more 
detailed geophysical and geochemical studies.  
The geometry and orientation of drilling-induced borehole breakouts, tensile-




used to determine the orientations of Shmin and Shmax (Hickman et al., 2000). Borehole 
breakouts form parallel to Shmin via compressive rock failure in reaction to tectonic stress 
concentrated on the borehole wall (Hickman et al., 2000). In contrast, tensile fractures in 
boreholes form perpendicular to the azimuth Shmin as a result of circumferential 
temperature differences between the hot rock and the circulating cool drilling fluid, as 
well as the concentration of tectonic stresses along the borehole wall (Moos and Zoback, 
1990; Hickman et al., 2000).  
 
Figure 20: Mohr-circle diagrams with Hoeck-Brown failure envelope (1988) illustrating different 
failure modes (A-C): A) Shear failure. B) Tensile failure. C) Hybrid failure (modified from Ferrill 
and Morris, 2003). D) Block diagram illustrating the role of dilational fault segments in fluid flow 





To compute the likelihood of slip and dilation, a number of assumptions must be 
made. First, we assume a normal faulting regime, which agrees well with the stress 
inversion (Figure 17 C) that reveals a sub-vertical σ1 in an extensional regime. It can 
further be assumed that σ1= σv (vertical), which is a function of the lithostatic load and 
pore pressure. The rock is assumed to be isotropic and homogeneous, with a density of 
2.6 g/cm3 (typical for andesitic volcanic rock); this value is used to estimate the vertical 
stress (e.g., Johnson and Olhoeft, 1984). A typical frictional coefficient of sliding (μ) for 
depths of 1-5 km in the crust is typically 0.6-1.0, as observed in laboratory sliding 
experiments. However, if significant alteration and clay minerals are present, the value 
can be as low as 0.45 (Zoback et al., 2003; Hickman and Davatzes, 2010).  Frictional 
failure (i.e. normal faulting) would be expected to occur on an optimally oriented, 
cohesionless surface (fault) at a critical magnitude of Shmin according to the coulomb 
failure criterion, as described by Jaeger and Cook (1976; equation 1), where Pp is the pore 
pressure: 
Shmin crit = (SV - PP) / [(μ2 + 1)1/2 + μ]2 + PP      (1) 
Using this equation and results from minifrac tests done at Dixie Valley, Desert Peak, and 
Yucca Mountain, Nevada, the relative magnitudes of σ1(σv), σ2, and σ3 for the region 
were determined (Stock et al., 1985; Hickman et al., 2000; Hickman and Davatzes, 
2010). A normal faulting stress regime was applied, where the vertical stress (Sv) is larger 
than the maximum horizontal stress (Shmax), which is larger than the minimum horizontal 
stress (Shmin) such that Sv> Shmax >Shmin. Based on stress magnitude data from Desert 




0.46 were used in this slip and dilation tendency analysis (Stock et al., 1985; Hickman et 
al., 2000; Hickman and Davatzes, 2010).  
Utilizing fault-slip inversion data from the Seven Troughs Range and from the 
nearby San Emidio geothermal field (Rhodes, 2011), as well as borehole breakout from 
the Desert Peak geothermal field (Davatzes and Hickman, 2009), a slip and dilation 
tendency analysis was conducted to assess which faults are oriented favorably for slip 
and/or dilation in the Seven Troughs Range (Figure 21). Stress inversion data from other 
nearby geothermal fields (San Emidio and Desert Peak) were combined with data from 
the Seven Troughs Range to acquire a regional extension direction, which trends 116.5° 
and is in accord with GPS velocity data for the area (Figure 10) and with the stress 
inversion for the kinematic data in the Seven Troughs Range (~115° azimuth of least 
principal stress) (Figure 21) (Figure 22). The slip and dilation tendency analysis is a best-
case scenario calculation, as it assumes that the faults dip 60° in the slip tendency 
calculation and are vertical in the dilation tendency analysis (Figures 20 and 21). The 
results show that many of the faults in the Seven Troughs Range are favorably oriented 





Figure 21: Simplified fault map of the Seven Troughs Range showing some of the major faults in the field area. Warmer colored faults are 
more likely to slip (A) and dilate (B) under the inferred current stress regime. C) Lower-hemisphere stereographic projection of contoured 
poles to fault planes. Warmer colors indicate orientation of a plane with a higher tendency to slip. This analysis assumes a normal faulting 
regime and that the minimum principal stress direction trends 116.5° (σ3, Figure 21C). The minimum principal stress direction for this area 
was gleaned from fault inversion data from Yucca Mountain, Hawthorne, and Dixie valley as well as borehole breakout data from the nearby 
Brady’s geothermal field (Siler, personal communication, 2013). The slip and dilation tendency analyses assume the best-case scenario, with 






Figure 22: World stress azimuth map of Nevada and surrounding states. Arrows represent the 
least principal stress (σ3) for given areas based on borehole breakout data, fault inversion, and 
earthquake focal mechanism studies (Heidbach et al., 2008). Inset map is of the San Emidio and 
Brady’s/Desert Peak geothermal fields and the corresponding stress azimuths. Red box is the 






7. Evidence for a Potential Geothermal System in the Seven Troughs Range: 
The Seven Troughs Range has potential to host a blind geothermal system based on 
the favorable structural setting, the low resistivity MT anomaly, and overall favorable 
location within the Basin and Range province. As previously mentioned, however, there 
are no surface manifestations suggesting geothermal activity in the field area, but the dry 
climate and surface drainage pattern of the Basin and Range can mask the presence of a 
deep geothermal system and preclude venting to the surface (Blackwell et al., 2003). 
What precipitation the ranges do receive flows down the ephemeral streams and typically 
recharges the groundwater or evaporates in the basin. The shallow groundwater is cooler 
than the upwelling geothermal fluids, and where the two fluids mix, the resultant fluid is 
no longer representative of the geothermal fluid (Blackwell et al., 2003; Figure 23). 
Given the nature of Basin and Range topography, with high relief on the margins of the 
basin, as well as thick Quaternary alluvial cover in the basins and on the flanks of the 
ranges, the surface proximal to the basin is commonly tens of meters above the water 
table. Shallow temperature measurements in this area can misrepresent the geothermal 
system (Figure 23).  Nevertheless, a shallow temperature survey was conducted to 
determine if any temperature anomalies were present in areas with high fault density and 





Figure 23: Schematic cross section illustrating potential pathway for geothermal fluid upwelling 
and outflow through the eastern Seven Troughs Range (after Blackwell et al., 2003). Qf: 
Quaternary fill, Tbcn: Tertiary basalt flows, cinders, and necks, Tra: Tertiary hydrothermally 
altered rhyolite, Js: Jurassic metasedimentary rocks of the ALS group. Black arrows illustrate 
movement along faults, white and grey arrows illustrate water movement. Shallow gradient refers 
to expected shallow temperature gradient measurements with respect to the background value 
(horizontal gray line).  
 
Two-Meter Temperature Survey 
 Determining the precise location for potential geothermal upwelling in the 
subsurface is a daunting task, especially given the absence of any active or paleo-hot 
spring manifestations in the field area. Therefore, utilizing cost effective, easy to use 
techniques, such as a 2 m temperature survey, to assess areas of higher geothermal 
potential is helpful in the early stages of exploration. Utilizing 2 m deep temperature 
measurements to locate areas where shallow thermal groundwater plumes and steam-
heated ground associated with geothermal systems approach the shallow subsurface has 




Although this technique has proven successful at a number of geothermal sites in the 
Nevada, such as Emerson Pass (Shevenell and Zehner, 2013) and Salt Wells (Skord et al., 
2011), there are caveats to the 2 m temperature measurements. Variations in climate 
(elevation and lapse rate), differences in the thermal diffusivity of rocks and soils (soil 
composition, hydrothermally altered clay cap, soil moisture etc.), surface solar radiation 
(caused by variations in albedo [e.g., basalt vs. diatomite], slope and aspect), and 
seasonal variations (winter vs. summer) can all affect the 2 m temperature measurements 
(Coolbaugh et al., 2010).  
Two-meter temperature measurements were made by pounding hollow steel 
probes with tungsten tips into the ground using a jack hammer. The composition of the 
probes allows for easier ground penetration and short temperature equilibration times 
(Skord et al., 2011). The resistance temperature device (RTD) was then lowered down 2 
m in the hollow probe and left to equilibrate for 1-2 hours before temperature 
measurements were recorded. Corrections were made for differences in the RTD’s as 
well as the background temperature and gradient (Sladek, personal communication, 
2013). 
In order to assess whether any shallow temperature anomalies were associated 
with the favorable structural settings, a 2 m temperature survey was conducted on the 
west and east sides of the central Seven Troughs Range (Figure 24). The highest 
measured temperature was 19.3° C just north of Porter Spring on the west side of the 
field area (red dots in Figure 24). The temperature for Porter Spring is 20° C, so this 




depth in the area is 13.5° C, and most of the temperatures recorded were near background 
(yellow dots in Figure 24). A few above background temperatures (~15-16° C) were 
recoded along the east side of the range (orange dots in Figure 24) in the vicinity of the 
fault intersection and right step. Rocky ground made it difficult to insert the probes to 
take measurements in all of the desired locations. Based on the current data, no high 
temperature shallow anomaly has been found in the field area. However, the thick 
alluvium could be acting as a thermal insulator (Figure 24). Alternatively, an 
impermeable clay cap could prevent fluids from reaching near surface levels. Although 
the changes in 2m temperatures across the study area are relatively small (~4-5 ° C), the 
spatial association between faults, favorable structural settings, and higher measured 






Figure 24: Two-meter temperature probe locations (colored dots). Warmer colors indicate higher 
than background temperatures (~15-19° C), yellow dots indicate background temperature (~13° 
C), cooler colors indicate below background temperatures (~8-12.5° C). Black lines are normal 
faults in the study area. Inset photographs show Porter Spring from afar and up close (left side) 
and equipment for the two-meter temperature survey measurements (right side).   
 
Available Geochemical Data: 
 Porter Spring and Bach Well provide windows into subsurface fluid temperatures 
in the vicinity of the Seven Troughs Range.  Porter Spring is a system of several (~4 +/-1 
depending on the amount of recent precipitation) cold water springs on the west side of 
the Seven Troughs Range (Figures 1 and 24). One main spring flows into a pond that is 
~60 m long and ~20 m across (inset photograph on Figure 24). The data from a 




2013) are shown in Table 1. The surface temperature of the spring is only ~20°C, 
whereas the average temperature at depth, as indicated by the average Ca-Na-K cat ion, 
quartz (no steam) and chalcedony geothermometers is 84.5°C.  Bach Well on the east 
side of the study area (Figures 1 and 24) has a measured well temperature of 25°C.  
Unspecified geothermometry techniques from Bach Well yielded a temperature of 78°C 
(Garside, 1994). The geothermometry conducted at Porter Spring and Bach Well suggests 
warmer fluids at depth. Although these temperatures are not as high as a robust 
geothermal system, it is a promising start for exploring for blind geothermal systems in 



















20.1 67.4 107.8 78.3 12.4202 Fair analysis 7.77 
Table 1: Geochemical and geothermometry information for Porter Spring from data gathered and 
analyzed by Shevenell et al. (personal communication, 2009). 
 
Hydrothermal Alteration: 
 Northerly trending hydrothermal alteration associated with epithermal 
mineralization (~13.8 Ma) and dike emplacement (~14 Ma) pervades the mining district 
on the east side of the study area (hydrothermally altered volcanic rocks in Figure 7). 
Much of the hydrothermal alteration is covered by post-alteration basalt and rhyolite 
flows. Local halos of propylitic alteration surround the basalt dikes, as well as zones of 
leached rhyolite and argillic clay minerals, such as illite, montmorillonite, and zeolites 




alteration zonation is identified in the district (Hudson et al., 2006; Figure 25). The 
following zones of alteration have been observed.  1) “Opalite” alteration, with strong 
acid-leaching and replacement by fine-grained quartz, forms the shallowest alteration 
type. It forms a blanket-like zone 15-30 m thick directly beneath unaltered “cap rock” 
rhyolite flows. This alteration is thought to have formed near the paleowater table. 2) 
Beneath the opalite alteration is a series of argillic assemblages characterized by 
montmorillonite and/or illite. At shallow levels, argillic alteration laterally varies in 
intensity from distal weak montmorillonite-zeolite with relict unaltered biotite to intense 
texturally-destructive montmorillonite near the center of the district. 3) Vertical alteration 
zoning beneath the opalite zone is manifest in drill holes by a change from 
montmorillonite to randomly interstratified illite/montmorillonite to illite/chlorite with 
increasing depth. 4) Replacement K-feldspar is present deep in one drill hole in a breccia 
zone in a rhyolitic intrusion (Hudson et al., 2006; Figure 25).  
 The hydrothermal alteration in the mining district is related to low-sulfidation 
gold and silver vein mineralization. The observed alteration assemblages presumably 
coincide with mineral deposition in veins at ~13.83 ± 0.02 Ma (Hudson et al., 2006). The 
fact that hydrothermal alteration associated with fluid transport and mineral deposition is 
middle Miocene suggests that any geothermal fluids that were precipitating minerals in 
the system are no longer doing so today. However, this does not rule out the possibility 
that a younger geothermal system associated with recent tectonic activity may be present 






Figure 25: Schematic west-east cross section through the mining district on the east side of the 
Seven Troughs Range, showing the hydrothermal alteration zonation with depth (from Hudson et 
al., 2006) , including (1) Opalite alteration zone, (2) illite/smectite alteration zone, (3) 
illite/chlorite alteration zone, and (4) deep K-feldspar replacement alteration (not pictured).  
Black lines with balls and question marks represent inferred gold and silver veins.  
 
8. Discussion: 
Timing of Deformation 
On the basis of fission-track data recording unroofing of the footwalls of major 
normal faults and tilt-fanning in major half grabens, several studies have found that major 
extension in northwestern Nevada began ~14-12 Ma and has continued episodically 
through the Quaternary (Colgan et al., 2006a, b; Faulds and Henry, 2008; Whitehill, 
2009; Faulds et al., 2010b), and data from the Seven Troughs Range is compatible with 
these findings.  Based on the available 40Ar/39Ar dates (Hudson et al., 2006) and detailed 
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geologic mapping in this study, the volcanic strata of the Seven Troughs Range were 
deposited in the late Oligocene and middle Miocene, with the bulk of the section 
accumulating by ~13 Ma.  Tilts within the entire Tertiary section are generally consistent 
(~30° west) with no evidence of decreasing tilts up-section (i.e., tilt fanning).  Directly 
south of the study area in the Sahwave Range (Whitehill, 2009) and northern Hot Springs 
Mountains (Faulds et al., 2010b), fission-track data and tilt-fanning relations constrain the 
main episode of extension to between ~12 and 9 Ma.  Numerous Quaternary fault scarps 
in the region indicate that significant extension has continued to the present (USGS, 
2006; Whitehill, 2009; Faulds et al., 2010b).  Furthermore, regional geodetic data show 
that northwestern Nevada is currently undergoing west-northwest-directed extension 
(Kreemer et al., 2012), which agrees well with borehole breakout data and fault kinematic 
data from nearby geothermal fields (Hickman and Davatzes, 2010 ; Rhodes, 2011). 
Active faulting and ongoing extension in the region, as well as favorable structural 
settings along Quaternary faults are positive for geothermal potential and make parts of 
the Seven Troughs Range a good candidate for geothermal exploration.  
Magnetotelluric Anomaly  
The reconnaissance 2D MT transect across the Great Basin conducted by 
Wannamaker et al. (2011) shed light on a possible relationship between zones of low 
resistivity in the deeper crust that taper up to the near surface proximal to high 
temperature geothermal systems. The low resistivity anomaly situated under Kumiva 
Valley (Figures 3 and 4) shallows under the Seven Troughs Range but is not associated 




reflect the presence of geothermal fluids within 2 m of the surface at these locations, the 
2D low resistivity MT anomaly and favorable structural settings warrant further analysis 
for blind geothermal systems in the area. Given the commonality between the deep 
crustal low resistivity anomalies that taper toward the near surface at both Dixie Valley 
and McGinness Hills, it seems likely that a geothermal system resides near the Kumiva 
Valley anomaly (Figures 3 and 4). However, the anomaly observed in the regional 
transect is two-dimensional and so the exact location of crustal upwelling is unknown.  
Potential Geothermal Fields – Seven Troughs Range 
The Seven Troughs Range resides in a favorable setting for geothermal activity, as it 
lies within the actively extending Basin and Range province proximal to Quaternary 
faults within a region of relatively high strain rates (Figure 6A). Structural complexity on 
both the east and west flanks of the range are favorable targets for geothermal 
exploration. Fault kinematic analysis, although limited, reveals a west-northwest-trending 
(azimuth ~295°) least principal stress. This west-northwest-trending least principal stress 
(σ3) direction agrees well with borehole breakout data from nearby Desert Peak 
(Hickman and Davatzes, 2010), kinematic analysis from San Emidio (Rhodes, 2011), and 
the regional extension direction indicated by geodetic data (Kreemer et al., 2012). Most 
faults in the field area are steeply to moderately dipping, strike north-northeast, and dip 
predominantly east-southeast (Figures 14 and 19; Plate 1). Most fault blocks are tilted 
~30-40 ° west. A slip and dilation tendency analysis reveals that a vast majority of the 
faults in the field area are optimally oriented for slip and dilation under the current stress 




Two areas in the central Seven Troughs Range have a particularly favorable structural 
setting for generating permeability and channeling geothermal fluids to the near surface: 
1) On the east side of the southern Seven Troughs Range, the range-bounding fault steps 
to the right and intersects the northeastward termination of an east-northeast-striking fault 
that connects southward to the major range-bounding fault on the west flank of the range.  
It is important to note that a Holocene scarp marks the major range-bounding fault on the 
east side of the Seven Troughs Range (Figure 16, Plate 1). Slightly elevated two-meter 
temperatures have been found in this vicinity. 2) On the west side of the field area in the 
vicinity of Porter Spring, the range steps to the left near the northern termination of an 
east-dipping normal fault.  This area has the highest recorded two-meter temperatures. 
These two areas will be the focus of future MT and soil gas studies to evaluate whether 
they contain any other signatures of geothermal upwelling. The 2 m temperature survey 
does not show any remarkable shallow temperature anomaly in the areas measured, but a 
thick alluvial cover, hydrothermally altered clay cap, and/or cool shallow groundwater 
could mask geothermal upwelling at depth. Available geothermometry data in the study 
area indicate warm fluids at depth, with an average geothermometer temperature of 
84.5°C for Porter Spring, and 78°C for Bach Well (Table 1; Garside, 1994; Shevenell, 
personal communication, 2009). Although these temperatures are not as high as a 
vigorous geothermal system, they indicate potential for a blind system at depth.  
 The presence of a low-sulfidation epithermal gold-silver mineral deposit in the 
Seven Troughs Range suggests that high temperature fluids were precipitating precious 




age of mineralization in this area suggests that no link would exist with any ongoing 
geothermal activity.  Interestingly, the north-northeast-striking faults that were once fluid 
conduits for the middle Miocene hydrothermal activity are still favorably oriented for slip 
and dilation today and could act as contemporary geothermal conduits if not healed by 
earlier activity. A major difference, however, between the middle Miocene epithermal 
system and any current geothermal activity is that magmatism clearly supplied the major 
heat source and was probably the primary control in the middle Miocene, whereas 
present-day systems are amagmatic and largely dependent on structural setting.   
Regional Applications 
Given that there were no clear indications of a geothermal system in the Seven 
Troughs Range, a regional assessment was conducted utilizing mapped Quaternary faults 
from the United States Geological Survey (USGS) fault and fold database (USGS and 
NBMG, 2006). This assessment reviewed Quaternary faults and structural geometry in 
the area surrounding the Seven Troughs Range (Figure 26). Areas with a high density of 
fault intersections, fault terminations, fault step-overs, and accommodation zones were 
selected as areas with higher potential for future exploration for blind geothermal systems 
(orange ellipses in Figure 26). A higher priority was given to faults that are most recently 
active and proximal to the Seven Troughs Range and associated low-resistivity anomaly. 





Figure 26: Possible areas of geothermal potential in the area surrounding the Kumiva Valley MT 
anomaly. Faults are from the USGS database (2006). Orange ellipses represent areas with 
favorable structural settings (inset of favorable structural settings from Faulds et al. 2006).  The 
inset shows the Seven Troughs Range.  
 
9. Conclusions and Implications: 
The Seven Troughs Range was chosen as a location to prospect for a blind 




low-resistivity anomaly that shallows to the near surface near the central Seven Troughs 
Range. This suggested a crustal-scale conduit of hot fluids from the deep crust to the near 
surface, which could potentially host an economically viable geothermal system. Detailed 
geologic mapping, structural analysis, a 2 m temperature survey, and slip and dilation 
tendency analysis have provided insight into the kinematics, stress state, and potential for 
faults to control geothermal upwelling in this area. 
The Seven Troughs Range consists of several moderately (20-50o), west-tilted 
fault blocks bounded by primarily east-southeast-dipping moderate to steeply dipping 
normal faults. The stratigraphy in the field area is characterized in the north and south by 
Mesozoic metasedimentary rocks that were locally intruded by a Cretaceous granodiorite. 
Late Oligocene ash-flow tuffs and a thick (~1 km) bimodal suite (basalt and rhyolite) of 
middle Miocene volcanic rock nonconformably overlie the Mesozoic basement in the 
central part of the range.  
Kinematic data from faults in the Seven Troughs Range, borehole breakout data 
from nearby geothermal fields, and regional geodetic data indicate a west-northwest-
trending extension direction. Faults oriented north-northeast (orthogonal to the least 
principal stress direction) that dip moderately to steeply are identified as the most 
favorable targets for slip and dilation and therefore have a higher likelihood of 
permeability and serving as potential fluid flow pathways, especially in fault interaction 
areas (e.g., step-overs, intersections, and terminations).  
Two main areas are identified as higher probability for hosting a blind geothermal 




which is marked by Holocene scarps and also intersects a terminating, oppositely dipping 
major fault, and 2) on the west side of the range within a presumed left step in a 
concealed, range-bounding fault and termination of another fault. Both areas of interest 
have structural settings known to host geothermal systems (e.g. fault step-overs and fault 
terminations) and are characterized by faults oriented orthogonal to the least principal 
stress.  
Detailed 3D MT coverage and soil gas surveys will be conducted by colleagues at 
the University of Utah and Lawrence Berkeley National Lab to constrain the potential for 
a blind geothermal system in the Seven Troughs Range. Once these studies are 
completed, a better picture of the MT anomaly will develop and any relationships 
between complex structural settings and MT and soil gas anomalies can be determined. If 
these three methods can collectively identify an economically viable heretofore 
undiscovered geothermal system, it will be greatly beneficial for geothermal exploration.  
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APPENDIX A: DESCRIPTION OF MAP UNITS 
 
Quaternary deposits: 
Qmt: Mine Tailings (Historic/ Holocene) Whitish to bluish-gray mine tailings. 
Primarily composed of silt, sand, gravel and cobbles from mine workings. Unit was only 
broken out on the west side of the field area, where a large area was obscured by tailings 
from tungsten mines. On the east side of the field area in the mining district small tailings 
piles were not mapped.  
Qal: Active stream channels and channel deposits undivided (latest Holocene) 
Seasonally active, anastomosing stream channels and channel deposits dissecting older 
Quaternary units (Qfy-Qfo2);  characterized by sparse vegetation, low topographic relief 
and lack of large boulders. Alluvium in these drainages consists of unconsolidated light 
tan, poorly to well-sorted silt, sand, pebbles, and sparse boulders.   Thickness is typically 
less than a few meters. 
Qs: Active spring deposits and older spring deposits undivided (Latest Holocene to 
Late Pleistocene) Brown, gray, and grayish-blue, fine silt, clay, and sand found at and 
down slope from active springs on the west side of the Seven Troughs Range. Where 
spring water has cut through alluvium, the sidewalls show that beds are undulating and 
irregular and consist of alternating layers of either fine-grained silty to sandy matrix with 
fine-grained clasts, or sandy matrix with coarser grains and larger gravel-cobble sized 
clasts. Beds are ungraded and moderately indurated. Clasts range in size from fine sand to 
cobble.  Beds range in thickness from ~5 cm to 20 cm. Clasts are subrounded to rounded 
and composed of Js, Tbcn, Twt, and quartz. Anomalous vegetation is found around 
springs, particularly on the west side of Porter Spring, where cottonwood trees and large 
patches of grass grow around and downhill from springs. 
Qc: Colluvium and talus deposits (Holocene to Pleistocene) Colluvial and talus 




characterized by unsorted, unstratified subangular clasts ranging in size from lesser 
gravel to boulder. Clasts reside in a poorly consolidated sandy matrix. Clasts are 
predominately derived from cliff-forming basaltic andesite. Qc is generally less than 5 m 
thick. 
Qfy: Young active fan alluvium and recently abandoned fan alluvium, undivided 
(late Holocene) Active and recently abandoned fan alluvium deposits are locally incised 
by active stream channels (Qal). The surface of these deposits is smoother than Qal but is 
commonly undulating and exhibits a finely spaced bar and swale morphology with sharp 
to rounded interfluves. Few boulders and sparse sage brush vegetation are found on the 
surface of these deposits. This unit contains layers of stratified silt, sand and subrounded 
to subangular pebbles, gravel and cobbles. Subrounded to subangular poorly to 
moderately sorted cobbles and boulders in a silty sand matrix are found locally. Deposits 
are as much as 3 m thick.  
Qfi: Intermediate-age fan alluvium, undivided (Holocene to late Pleistocene) 
Intermediate-age fan alluvium is cut by Qal and Qfy, but dissects Qfo. Fan surface is 
higher topographically than Qal and Qfy, but lower than Qfo. Composed of cobble, 
pebble, coarse sands, and silt; locally contains isolated boulders and slightly more 
vegetation than Qfy. Surfaces are generally smooth and moderately rounded with 
erosionally rounded edges and moderately incised channels with broad, flat interfluves. 
In air photos these fan surfaces exhibit a more mottled texture than Qfy but less mottled 
than Qfo. Thicknesses vary but are commonly ~5 m thick. 
Qfo: Old fan alluvium, undivided (late Pleistocene) Older fan alluvium is similar to 
Qfi but is distinguished by higher, older erosional surfaces approximately 5 m above Qfi. 
Boulders, cobbles, and coarse- to fine-grained sands are present on the surface, with some 
desert varnish. Unit has a more mottled texture than younger units in air photographs. 
Thickness varies from ~10-15 m. 
Qfo2: Oldest Fan Alluvium, undivided (Pleistocene) Fan remnants characterized by 




boulders of Tbcn and Kg, as well as cobbles and gravel of Tbcn, Js, and Kg found 
typically near the fan head in a sandy silty matrix. Unit is distinguished from Qfo, 
because it is more dissected, slightly higher in elevation, and has a smoother texture in air 
photos than younger fan units. Thickness is unknown but ranges up to 15 m. 
Qls: Landslide deposits and lesser talus and colluvium, undivided (Pleistocene 
landslides) Coarse, unconsolidated debris composed of local bedrock, particularly the 
basaltic andesite of Tbcn, Tbu (1&2), and rhyolite of Tru (1&2). Clasts range in size from 
cobble to large blocks up to 10 m in diameter. Exact unit thickness unknown but probably 
as much as 30 m thick. Headwall scarps range from relatively fresh to more degraded and 
hardly recognizable.  
Subunit of Qls: Qls Tru: Landslide deposit consisting of upper Rhyolite 
(Tru 1&2) (Pleistocene): Coarse, semi-consolidated debris composed of 
rhyolite from Tru (1&2). Clasts range in size from cobble to large blocks up to 
10 m long.  
 
Tertiary volcanic and sedimentary units 
Tbr: Sedimentary Breccia (Pliocene?): Light tan, to mauve colored massive 
sedimentary breccia. Matrix is composed of fine- to coarse-grained sand. Clasts generally 
range in size from ~1 cm to ~1 m in diameter with a mode of ~5 cm; locally boulders are 
up to ~5 m long. Clasts are subangular to angular and are composed of scoria, aphanitic 
and more porphyritic basalt, and rhyolite. The unit is poorly sorted and generally not 
bedded. Unit thickness is at least 150 m.  
Tbu2: Uppermost Basalt Flows (Middle to Late Miocene) Medium gray to black 
basalt flows. Lower portion massive aphanitic to slightly porphyritic. ~5-10% 
phenocrysts composed of ~90% subhedral to euhedral plagioclase ~1-4 mm long and 
10%, 1-2 mm long, subhedral to anhedral olivine, generally altered to iddingsite. 




thickness is ~60 m. This is the uppermost unit in the Tertiary section; it conformably 
overlies Tru2 and is locally overlain by Quaternary sediments.  
Tru2: Uppermost Rhyolite Flows (Middle to Late Miocene) Medium to light gray and 
pink, flow-banded rhyolitic flow. ~ 5% phenocrysts composed of ~80% subhedral 
plagioclase ~1-2 mm in length, ~10% subhedral sanidine ~1-2 mm in length, and ~10% 
biotite laths ~1-2 mm long. Groundmass is mostly glass with some <1 mm microlites of 
plagioclase and biotite. Unit is overlain by Tbu2 and overlies Tbu1. Thickness is ~90 m.  
Tbu1:  Intermediate-Age Basalt Flows (Middle to Late Miocene) Gray to brownish 
black aphanitic to slightly porphyritic basalt flows and flow breccias. Contains ~0-5% 
phenocrysts composed of ~90% subhedral to euhedral plagioclase < 1 mm in length and 
~10% ~1-3 mm long subhedral olivine , commonly altered to iddingsite. The low 
phenocryst percentage distinguishes this unit from Tbu2. Thickness ranges from ~90-150 
m. Tbu1 is overlain by Tru2 and Tbu2, and locally overlies Tru1 and older units. 
Tru1: Intermediate-Age Rhyolite Flows (Middle to Late Miocene) White to beige and 
pinkish to red-violet, rhyolitic and rhyodactic flows. Contains ~0-5% phenocrysts 
composed of ~95% 1-2 mm long subhedral plagioclase , commonly pitted and slightly 
altered, ~5% subhedral to euhedral biotite ~2 mm long, and trace amounts of <1 mm long 
rounded quartz. Groundmass is generally spheroidal devitrified glass. Unit is locally 
dense and non-vesicular, varying laterally to highly vesicular (vesicles 0-35%, < 5 mm, 
usually round). Locally, the uppermost part of flow, where present, is composed of a 
friable white non-vesicular rhyolite. Locally, a green-black vitrophyre (< 6m thick) crops 
out at the base of the rhyolite flow. Unit thickness varies but is approximately 60-90 m. 
Subunits of Tru1: These units are found locally as lenses within Tru, as well as 
independently in other parts of the field area, predominantly on the west side, and 
are therefore correlated with Tru1. Unit Tru1 and all subunits are locally overlain 
by Tbu1&2, Tru2, and Quaternary sediments. Unit Tru1 is most extensive in the 




Td are most prominent on the west side of the field area, where they conformably 
overlie Tbcn. 
-Tlt: Lithic Tuff (Middle to Late Miocene) Pale gray to white fine-grained, non-
welded to poorly welded lithic tuff. Contains fine-grained ash matrix with 
abundant lithics of volcanic rock that range in size from coarse ash (<2 mm) to 
lapilli (~2 mm up to 5 mm). Lithic clasts are generally subrounded to subangular 
and are composed of vitrophyre, rhyolite, basalt, and welded tuff.  Phenocrysts 
include biotite, hornblende, and quartz.  Tlt is generally massive, with local 
interbeds of fine-grained volcaniclastic sandstone and siltstone. Unit thickness is 
~70 m.  
-Td: Diatomaceous sedimentary rocks (Middle to Late Miocene) Massive to 
finely laminated, white to yellowish-white, nonresistant diatomite that forms a 
discontinuous sequence intercalated with Tlt.  The diatomite only crops out on the 
west side of the field area. Unit thickness ranges from a few meters to ~15 m.   
-Trt:  Rhyolite tuff and reworked ash (Middle to Late Miocene) Pale gray to 
white fine-grained, rhyolitic ash <2 mm. Ash is phenocryst poor with less than 
1% phenocrysts composed of hornblende and biotite. Unit consists of cross-
bedded, ash layers that locally contain interbedded fine grained ash matrix with 
clasts of rhyolite and basalt up to 10 cm long. Unit varies from ~3 m on the east 
side of the field area to ~20 m on the west side. This unit locally rests directly on 
basement, and therefore could potentially be temporally correlative with Twt, and 
thus may be older than Tru1.  
 
Trc: “Cap Rock” Rhyolite (Middle Miocene) Pinkish to light brown rhyolitic flows. 
Flow foliation planar and usually prominent. Contains ~5-10% phenocrysts composed of 
~60% subhedral plagioclase 1-2 mm in length (stubby laths to slightly rounded); 30% 
subhedral hornblende 0.5-1 mm across, and ~10% anhedral biotite < 1 mm long, with 




up to 1 mm long. Biotite and hornblende in Trc have yielded 40Ar/39Ar ages of 13.77+/- 
0.06 and 13.79+/- 0.08 Ma, respectively (Hudson et al., 2006).  Unit thickness varies but 
can be up to 150 m. 
Tbcn: Basalt Flows, and lesser cinder cones and volcanic necks (undivided) (Middle 
Miocene): Tbcn flows: Dark gray to greenish black, weathering to brown basalt flows. 
Contains 15-20% phenocrysts comprised of ~60% subhedral-euhedral plagioclase (some 
are unaltered and others are fritted) and 38% subhedral-euhedral olivine (some are partly 
altered to iddingsite), and 2% subhedral-euhedral clinopyroxene phenocrysts ~1-2 mm 
across. The fritted plagioclase phenocrysts contain calcite and/or sericite in the matrix of 
the pits within the grain. Plagioclase phenocrysts vary in size from sub millimeter 
microlites in the fine-grained matrix up to 8 mm long. Plagioclase phenocrysts display 
zoning and twinning).. Olivine phenocrysts range in size from ~1 mm-5mm long,. 
Groundmass consists mainly of plagioclase microlites with some olivine and pyroxene. 
Unit varies in thickness but is approximately 25 m thick in the northeast part of the field 
area and 300 m thick in the western part. Tbcn cinder cones: Light greenish-yellow to 
red basaltic cinder, commonly interbedded with volcaniclastic sedimentary rocks. 
Individual scoria fragments range in length from < 2 cm to 0.5 m. Locally contains 
reddish basaltic elongate to round bombs up to 2 m long. Thicknesses vary but are 
typically ~15 m. Tbcn volcanic necks: Gray, commonly finely vesiculated, basaltic 
neck, usually in the form of a dike.  Tbcn underlies Tru1 and all upper units, and is 
locally overlain by Trc.  
Subunits of Tbcn: These units are found typically below or in the lower part of 
the Tbcn section. They are only found on the eastern part of the field area and are 
not laterally continuous.  
-Ttss: Tuffaceous Sandstone (Middle Miocene): Generally, a volcaniclastic to 
tuffaceous sandstone, containing sand-sized grains of aphanitic to porphyritic 
basalt, with a tuffaceous to fine silt matrix.  Clasts are mainly angular to 




-Tbp: Porphyritic Basalt (Middle Miocene): This unit is generally altered and 
relatively phenocrysts-rich dark gray basalt that weathers to grayish brown. Unit 
is easily distinguished by ~10-20% phenocrysts of large ~5 mm long olivine 
phenocrysts that have been altered to iddingsite. Tbp locally underlies Tbcn and is 
as much as 70 m thick.  
Tbi: Basaltic Dikes (Middle Miocene): Dark gray weathering brown, typically 
propylitically altered, aphanitic basalt dikes and endogenous domes. Thick dikes are 
likely multiple dikes or endogenous domes that were not broken out on map. Dikes are 
generally aphanitic with ~5% phenocrysts ranging from 1-2 mm long of ~0.5% 
plagioclase, olivine, and pyroxene, and ~4.5% altered mafic mineral phenocrysts ~0.5 
mm in diameter. The groundmass consists primarily of very fine plagioclase microlites 
(95%). Locally, unmapped calcite veins ranging in width from ~1-5 mm to 2 m cut Tbi.  
The calcite veins are a distinguishing characteristic in this unit. Locally, this unit is 
propylitically altered. Dikes intrude the older units (Js, Kg, Twt, Tbl, Tra and possibly 
Tbcn.  Groundmass concentrate from Tbi has yielded an 40Ar/39Ar age of 14.1 Ma 
(Hudson et al., 2005, 2006).   
Tra: Rhyolite flows, domes and interbedded epiclastic sedimentary rocks, 
hydrothermally altered (Middle Miocene): Pinkish-purple to white and locally green, 
rhyolitic flows, breccias, vitrophyre and dome deposits (units are extensively 
hydrothermally altered and were not broken out on map). Lenses of epiclastic 
sedimentary rocks and conglomerates crop out locally. This unit is typically 
hydrothermally altered with abundant clay content (smectite, illite, montmorillonite). 
Generally, the rhyolite flows and dome deposits contain ~3-5% phenocrysts composed of 
~70% subhedral to euhedral biotite ~1-2 mm in length, ~29% subhedral plagioclase 1-2 
mm long but locally up to 4 mm, < 1% subhedral hornblende ~1 mm across. Locally, this 
unit is a spherulitic rhyolite flow with spherules ranging in size from ~1-5 mm in a matrix 
of greenish glass. The epiclastic sedimentary rocks (conglomerate) are poorly sorted and 
poorly to moderately bedded; they may be part of an explosion outflow breccia. Angular 




in a matrix of sand, silt, and clay. The conglomerate is locally interbedded within the 
rhyolite flows and was not broken out on the map from Tra. The domes typically contain 
a greenish-gray silicified vitrophyre at the base. This unit locally underlies Trc, Tbcn, 
Tru1&2, Tbu1&2, and all Quaternary units; it is intruded by Tbi and rests locally on Tbl, 
Twt, and Js. This unit is confined to the eastern part of the field area in the bimodal 
volcanic center. Biotite and sanidine in Tra have yielded 40Ar/39Ar ages ranging from 
14.27 +/- 0.04 to 14.11 +/- 0.04 Ma, respectively (Hudson et al., 2005, 2006).  Tra 
thickness varies from ~100-150 m.   
 
Tbl: Lowest basalt flow (Middle to Early Miocene): Dense dark gray, generally 
massive aphanitic basalt flow. Contains ~1-2% phenocrysts composed of subhedral 
plagioclase < 1 mm in length. Groundmass consists of plagioclase microlites with some 
alteration to sericite and clays. Tbl is not laterally extensive, as it has only been observed 
in the mining district on the east side of the field area. Hudson et al. (2006) mapped this 
unit more extensively in the northeast (just outside the map area). This unit locally 
underlies Tra, Trc, Tbcn, Tru1&2, Tbu1&2, and all Quaternary units; it is intruded by 
Tbi. A disconformity lies between this unit and the Oligocene (?) Twt below. Thickness 
varies from 10-30 m in the southeast part of the field area to up to 100 m in the 
northeast.  
Twt: Welded Ash-Flow Tuff (Late Oligocene?): Gray to purplish-beige and locally 
orangish-brown, moderately-welded ash-flow tuff. Contains ~10% phenocrysts 
composed of ~58% subhedral to euhedral sanidine ranging in size from <1 mm to 2 mm 
long, ~20% subhedral plagioclase 1-2 mm across, ~10% subhedral clinopyroxene 
(augite) phenocrysts ~1 mm long, ~2% anhedral to subhedral biotite, and trace quartz. 
The groundmass consists of pumice and volcanic glass. There are abundant fiamme (5-6 
mm long to less than 1 mm) and pumice fragments throughout the unit. Thickness varies 
drastically throughout the field area, as Twt probably filled paleotopographic lows and 
pinched out near paleotopographic high points. Thickness ranges from 0 to 50 m. This 




Cretaceous Intrusive Rock 
Kg: Granodiorite Intrusion (Late Cretaceous): Medium-grained, equigranular, 
hypidiomorphic texture, granodiorite. Contains ~ 20% mafics, consisting of anhedral to 
subhedral hornblende 1-5 mm in length (~50%), and euhedral to subhedral biotite 1-2 
mm in length (~50%). The remainder of the rock is composed of euhedral to subhedral 
plagioclase ~1-4 mm in length (~40%), and anhedral quartz ~1-4 mm in diameter 
(~40%). Kg intrudes the metasedimentary (Js) basement rocks in the Seven Troughs 
Range; it is locally intruded by Tertiary basalt dikes and is overlain locally by Quaternary 
sediments. Thickness unknown, but width of unit in map view is ~1.6 km.  
Mesozoic Metasedimentary Rocks of the Auld Lang Syne Group 
Js: Interbedded slate, phyllite, argillite and sandstone (Late Triassic to early 
Jurassic): Greenish-brown to gray interbedded argillite, sandstone, slate, and phyllite, 
locally containing layers of quartzite, quartz breccia, and marble. This unit displays well-
developed slaty cleavage and strongly foliated, with a generally friable texture.  It is 
deformed into northwest- -trending folds. Locally, the unit contains andalusite, 5 mm-2 
cm in length, associated with contact metamorphism from the intrusion of the Cretaceous 
granodiorite. This unit was extensively eroded from the time of deposition in the Upper 
Triassic to Lower Cretaceous, the result being drastic paleotopography which was later 
filled in by the Oligocene (?) ash flow tuff (Twt) and later by the Miocene volcanic rocks. 
Exact thickness of this unit in the field area is unknown, because the base of the section is 
not exposed. Burke and Siberling (1973) concluded that Js ranges from 30 to over 7000 
m thick in the surrounding ranges. Js is the basement rock in the Seven Troughs Range; 
it is intruded by Kg and overlain by many of the younger units in the field area.  
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Contact  Solid where certain and location accurate, long-dashed 
where approximate, short-dashed where inferred, dotted where concealed.
Normal fault  Solid where certain and location accurate, long-dashed 
where approximate, dotted where concealed; queried if identity 
or existence uncertain.  Ball on downthrown side.
 Dip symbol where fault dip was measured. Arrow shows trend of striations.
:
Head or main scarp of landslide  Long-dashed where inactive, 
subdued, indistinct and (or) approximate. Hachures point downscarp.
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